ABSTRACT: Zooplankton are important trophic intermediaries between aquatic primary producers and higher level consumers such as fish, but to date they have been little studied in intertidal marshes. This is particularly true in the San Francisco Estuary (SFE), which is heavily impacted by human activities and is being targeted for restoration of its native wetland communities. As part of a multi-year field study investigating wetland dynamics in the upper SFE, we conducted approximately quarterly sampling of the mesozooplankton (> 73 µm) at 3 channels in each of 6 marshes. Here, we describe seasonal and regional variation in the composition and abundance of zooplankton, and relate these to variations in environmental conditions. Cluster analysis identified 6 different marsh zooplankton communities. The 66 taxa identified included both native and non-indigenous species (NIS), with NIS being particularly dominant in the summer and autumn. Ordination analyses indicated that salinity, temperature, and other freshwater-related variables such as freshwater flow and distance to the coastal ocean were the strongest environmental drivers of marsh zooplankton community composition and individual abundance. Zooplankton communities in intertidal marshes were similar to those of open water habitats of the SFE in many regards, although differences in some taxa were observed, e.g. higher abundances of the copepod Eury temora affinis and lower abundances of tintinnid ciliates in the marshes. Apparent differences in zooplankton between intertidal marsh and open water habitats, and between different regions of the estuary, could have important implications for young fish and other consumers.
INTRODUCTION
Tidal marshes are highly productive ecosystems that provide important nursery and feeding habitats for fish and other aquatic organisms (Odum 1988 , Kneib 1997 , Beck et al. 2001 , Minello et al. 2003 , Allen et al. 2007 ). Zooplankton are critical trophic intermediaries between primary producers and higher level consumers, and as such play a central role in the flow of materials and energy through aquatic ecosystems. Despite this critical role, however, zooplankton communities in tidal marsh ecosystems have rarely been the focus of study (e.g. Houser & Allen 1996 , Mazumder et al. 2009 , Zhou et al. 2009 ).
The upper part of the San Francisco Estuary (SFE), defined here as San Pablo Bay and all upstream areas under tidal influence, once had extensive marshes that appeared after the estuary was created by sea level rise. These marshes formed at the landward margin through a complex interaction of sediment and detritus accumulation, submergence and sea level rise (Atwater et al. 1979) . Beginning in the late 1800s, these marshes were systematically drained, diked, and converted to farmland, such that the Sacramento−San Joaquin River Delta (hereafter referred to as the 'Delta') of the upper SFE now consists mainly of diked islands surrounded by deep channels. Subsequently, levees on a number of these islands have either failed, or were intentionally breached to restore tidal ecosystems, resulting in reconnection of the interior marshland to the surrounding channels. These, and the remaining predevelopment tidal marshes of the SFE have come under increasing scrutiny in recent years, coincident with declines in the abundance of native and common non-native nekton species, now commonly referred to as the 'Pelagic Organism Decline' (Sommer et al. 2007 , Mac Nally et al. 2010 ). This has led to intensified interest in conservation and restoration of the SFE in general (Moyle 2008) , and shallow water habitats specifically (Brown 2003 , Lopez et al. 2006 , although the exact relationship between shallow water habitat and pelagic organisms remains obscure.
The zooplankton of the open waters of the SFE have been reasonably well studied to date, both at the community level (Ambler et al. 1985 , Kimmerer & Orsi 1996 , Purkerson et al. 2003 , Gewant & Bollens 2005 , Rollwagen-Bollens et al. 2006 ) and at the individual species level (Orsi & Walter 1991 , Rollwagen-Bollens & Penry 2003 , Hooff & Bollens 2004 , Bouley & Kimmerer 2006 , Ger et al. 2010 , Gould & Kimmerer 2010 . However, the zooplankton communities of tidal marshes of the SFE have never been reported. Given that zooplankton are important prey items for many larval and adult fish in the SFE (Meng & Orsi 1991 , Moyle et al. 1992 , Nobriga 2002 , Bollens & Sanders 2004 , Visintainer et al. 2006 , Cohen & Bollens 2008 , Howe et al. 2014 , Whitley & Bollens 2014 ), a need exists to investigate the basic ecology of tidal marsh zooplankton. More specifically, if the composition and abundance of zooplankton in tidal marshes are found to be suitable prey resources for fish and other higher-level consumers, this could provide a critical link between shallow water habitats (Brown 2003 , Lopez et al. 2006 ) and conservation and restoration of pelagic species in the SFE (Sommer et al. 2007 , Moyle 2008 , Mac Nally et al. 2010 .
Thus, the specific objectives of this study were to (1) describe the distribution, abundance, composition, and spatial distribution of tidal marsh mesozooplankton in the SFE, with special emphasis on non-indigenous copepods; (2) relate variation in the zooplankton communities to physical environmental variables (e.g. salinity, temperature, freshwater flow, etc.); and (3) compare these results to recent findings of open-water mesozooplankton in the SFE to examine possible differences between intertidal marshes and open water regions of the SFE.
MATERIALS AND METHODS
The SFE experiences a Mediterranean climate with most precipitation occurring between November and April. Most freshwater discharge occurs through the upper SFE and the Delta. Since 1850, the total area of marsh in the upper SFE has been reduced by reclamation to less than 6% of its original extent (Nichols et al. 1986 ).
As part of the Integrated Regional Wetland Monitoring (IRWM) project, 6 tidal marshes in the upper SFE ( Fig. 1) Howe & Simenstad (2011) and Gewant & Bollens (2012) .
Mesozooplankton were collected using a 0.25 m diameter mouth, 73 µm mesh plankton net from 3 tidal channels within each marsh, for a total of 18 sampled channels. At each channel, triplicate vertical hauls were collected from near bottom to the surface near the marsh edge at the beginning of ebb tide. Tow depth averaged 1.3 m and ranged between 0.2 and 3.0 m. Volume filtered was calculated from tow depth and net mouth area. Temperature and salinity for each marsh were measured using a YSI™ 85. Salinity and temperature were compared be tween marshes and seasons (wet: November to May; dry: June to October) using 2-way ANOVAs. Samples from our first collection (which occurred in October and November 2003) were treated as dry season samples based on the hydrograph (see Fig. 2 ). Where data did not meet the assumptions of normality or equality of variance, a rank transformation was applied.
Collected specimens were identified and enumerated under a dissecting microscope. Where possible, and for all copepods, taxa were further sorted into juvenile or adult categories. For the first 3 quarterly sampling events (October/November 2003, February and June 2004) , subsamples of triplicate samples from each channel were processed; for all subsequent collections, duplicate samples were processed in their entirety, resulting in species count data for 304 samples. A total of 159 taxa were identified, and abundances were calculated as ind. m −3 of filtered water. To facilitate the interpretation and presentation of plankton data, benthic (e.g. nematodes, oligo chaetes, anthozoans, hydrozoans, certain harpacticoids, amphipods, and insects etc.), and terrestrial (i.e. arachnids, entognaths, and most insects) species were omitted from the analyses. Here, we present analyses of log(x + 1)-transformed abundances of 66 plankton taxa in 304 samples, hereafter referred to as the 'species matrix'. One empty sample from Carl's Marsh in June 2005 and an outlier sample from Sherman Lake in February 2004 that contained only ostracods were also excluded. Rare taxa (present in fewer than 9 samples) were excluded from multivariate analyses. Due to extremely high abundances, copepod nauplii were also excluded from the analyzed species matrix. Instead, variation in copepod nauplii abundance was added to our environmental matrix (described below) and investigated through correlation to ordination axes. Samples representing similar mesozooplankton communities were grouped by a hierarchical, agglomerative cluster analysis using Sørensen (Bray-Curtis) distance and a flexible-beta linkage (0.25) on log(x + 1) species abundance data. Significant indicators of clusters were identified using Indicator Species Analysis (Dufrêne & Legendre 1997 ) and a Bonferroni corrected alpha of 0.00045. Due to a high number of significant indicators (44), we employed arbitrary cut-offs to identify the strongest indicator species based on indicator values (IV), similar to Keister & Peterson (2003) , and also on frequency of occurrence within a cluster. To be considered a strong indicator, the IV of the taxon must have been 3× greater than for other clusters, and indicator taxa must have been present in at minimum 90% of samples contained in the cluster.
Nonmetric multidimensional scaling (NMS) using the Sørensen distance measure was used to ordinate samples included in the species matrix and allowed us to relate variation in community composition to environmental variables. Variables included in a secondary environmental matrix and correlated to ordination axes salinity, temperature, distance to the Golden Gate bridge (which crosses the mouth of San Francisco Bay and was therefore used as a measure of distance to the coastal ocean and thus marine influence), Julian date, tow depth, and copepod nauplii abundance. Two continuous indices were calculated; one for season that contrasted February 1 (−1) and August 1 (+1), and one for time of day that contrasted midnight (−1) and noon (+1). To investigate the influence of river flow, river discharge data were obtained from the United States Geological Survey for Peta luma (http:// waterdata. usgs. gov/ ca/ nwis/ uv/ ?site_ no= 11459150) and Napa (http:// waterdata. usgs. gov/ usa/ nwis/uv?site_no=11458000) river sites, and from the California Department of water resources for west Delta sites (www. water. ca.gov/ dayflow/ output/ index. cfm). These region-specific data were combined into 3 variables for discharge from the day prior, week prior, and month prior to sampling. Reliable discharge data were not available for the Petaluma River for the period of interest. Where data were available, however, Petaluma River discharge tracked that of the Napa River, albeit at a lower magnitude, so we estimated discharge volumes for the Petaluma River to be 25% of that recorded at the Napa River. All multivariate analyses were performed using PC-ORD v.5 (McCune & Mefford 2006) .
To further investigate the prevalence of nonindi genous species in tidal marshes of the SFE, we compared the proportion of individuals known to be non-indigenous between wet and dry seasons, and between the Petaluma River (Carl's Marsh), the Napa River (Pond 2A, Coon Island, and Bull Island) and the west Delta (Sherman Lake and Browns Island), using 2-way ANOVAs. Data were rank transformed to equalize variances. Univariate analyses were performed using R v.2.13.1
RESULTS
Our sampled WY differed with respect to pattern and magnitude of river outflow (Fig. 2) . Based on observed run-off, the California Department of Water Resources classified discharge in WY 2004 as 'below normal' and 'dry' for the Sacramento River and the San Joaquin Valley, respectively (http:// cdec. water. ca. gov/cgi-progs/iodir/wsihist). In contrast, the discharge of these rivers in WY 2005 was classified as 'above normal' and 'wet,' respectively. Salinity was higher during the dry season (ANOVA on ranks, F 1, 30 = 48.9, p < 0.001), and differed between marshes (ANOVA on ranks, F 5, 30 = 23.3, p < 0.001), influenced by proximity to marine influence and flow volume of the particular river (Fig. 2) . Salinity was significantly lower at Sherman Lake and Brown Island marshes than at other marshes, and was significantly lower at Bull Island marsh than at Carl's Marsh. Temperature varied predictably between wet and dry seasons (F 1, 35 = 112.2, p < 0.001), but did not vary significantly between marshes (Fig. 2) .
A cluster analysis dendrogram (0.9% chaining, Fig. 3 ) most often placed samples from the same marsh and sampling events together, indicating a high degree of within-marsh similarity in community composition. Samples from Pond 2A and Coon Island (Napa River) marshes often clustered together, as did samples from Sherman Lake and Browns Island (West Delta) marshes. We chose to interpret the 6 highest-order clusters, and at this level all but one of the within-marsh replicates (a sample from Bull Island in March 2005) were assigned to the same cluster.
Cluster 1 samples were collected from low-salinity waters (Table 1) . They separated from Clusters 2 and 3 based on the presence and abundance of the calanoid copepod Sinocalanus doerrii and the cladoceran Bosmina longirostris; the near absence (or presence in only a few samples) of the cyclopoid copepod Oithona davisae, the harpacticoid copepod Coullana canadensis, and the predatory calanoid Tortanus dextrilobatus; and the low abundance of the cyclopoid Limnoithona tetraspina. Cluster 1 was present at Bull Island and the west Delta marshes during the wet season (Table 2) . Though occurring at similar salinity and temperatures, mesozooplankton communities in Cluster 1a and 1b samples were quite distinct. Cluster 1a samples were dominated by either the calanoid Pseudodiaptomus forbesi, rotifers, or the calanoid Eurytemora affinis and indicated by S. doerrii. In contrast, Cluster 1b (Bull Island marsh in February 2004) represented a more freshwater community and was dominated by B. longirostris and the cyclopoid Diacyclops thomasi. Cluster 1b samples contained no L. tetraspina, no P. forbesi, and S. doerrii occurred in only 1 sample.
Lower abundances of O. davisae (by 1 to 3 orders of magnitude) separated Cluster 2 from Cluster 3. Cluster 2 samples were dominated by L. tetraspina but further divided into 2 subclusters based in each case upon the identity of the second most abundant copepod (Table 1) . Cluster 2a was indicated by the presence of the calanoid Acartiella sinensis, had high abundances of P. forbesi, and was present in the west Delta during the dry season (Table 2 ). Cluster 2b samples had high abundances of E. affinis and frequent presence of D. thomasi. Cluster 2b was consistently present in the Petaluma and Napa Rivers during the wet season, and was present at Sherman Lake (West Delta) during the January 2005 sampling (Table 2) .
Cluster 3 samples were collected from the more saline waters (Table 1) (Fig. 4) . Cluster 3a samples contained high abundances of L. tetraspina and T. dextrilobatus. Cluster 3b contained the calanoid Acartia californiensis, copepodids of Acartia spp. and poecilostomatid copepods of the family Clausidiidae. Cluster 3b was present at Carl's Marsh (Petaluma River) only in November 2003.
The NMS explained 86.3% of between-sample variation on 3 axes with a stress of 14.1. The primary axis explained 53.2% of this variation. Cluster 3 and Cluster 1 samples occurred on opposite ends of this axis, with Cluster 2 samples occurring in the middle (Fig. 5a) . O. davisae, Clausidiidae copepodites, T. dextrilobatus, B. longirostris, S. doerrii, and A. californiensis varied strongly along this axis (Fig. 5b) . This axis correlated strongly to variation in salinity (r = 0.894), distance to Golden Gate (r = −0.643), and river discharge from the previous day (r = −0.539), week (r = −0.566), and month (r = −0.577). For each cluster, subgroups 'a' and 'b' separated along Axis 2, which represented 18.5% of between-sample variation (Fig. 5a ). Abundances of L. tetraspina, A. sinensis, P. forbesi, and to a lesser extent B. longirostris, T. dextrilobatus, and E. affinis varied along this axis (Fig. 5b) . Axis 2 was correlated to our index of season, which contrasted warm and cool periods (r = 0.726), temperature (r = −0.608), and time of day (r = 0.625). Axis 3 (not shown) explained 14.6% of variation be tween samples and separated Clusters 3, 2, and 1b from Cluster 1a. Polychaete larvae and S. doerrii abundance varied in opposite directions along this axis. Axis 3 was most strongly correlated to river flow averaged over the previous month (r = −0.595). Copepod nauplii dominated the mesozooplankton community during our sampling events, followed by O. davisae and L. tetraspina (Table 3) . Rotifers were also abundant and peaked during the wet season (Fig. 6) . O. davisae dominated when salinities were high, with autumn average abundance exceeding 150 000 ind. m −3 at Carl's Marsh (Petaluma River) (Figs. 4 & 6) . L. tetraspina was present year-round, dominating higher salinity marshes during the wet season and low salinity marshes during the dry season (Figs. 4 & 6) . E. affinis was present through out the estuary when temperatures were cooler (Figs. 4  & 7) . P. forbesi was present primarily in the west Delta in June (Fig. 7) . The abundance of T. dextrilobatus peaked in June of both years at Napa and Petaluma river marshes, with reduced abundances occurring in autumn (Fig. 7) . Acartia spp. were most abundant at Carl's Marsh (Petaluma River). The proportion of the mesozooplankton community represented by non-indigenous individuals was greater during the dry season than the wet season (ANOVA on ranks, F 1,120 = 75.973, p < 0.001), but our analysis did not detect a significant difference between rivers (Fig. 8) .
DISCUSSION
Although ours is the first study to report on intertidal marsh zooplankton in the SFE, the dominant taxa we observed have been previously reported to occur in the open waters of the SFE (e.g. Ambler et al. 1985 , Kimmerer & Orsi 1996 , Purkerson et al. 2003 , Hoof & Bollens 2004 ). For instance, we ob served a wide range of both native copepods (Dia cyclops thomasi and Acartia spp.) and non-native copepods (Oithona davisae, Tortanus dextrilobatus, Sinocalanus doerrii, Limnoithona tetraspina, Acartiella sinensis, and Pseudodiaptomus forbesi) broadly distributed in the marshes. The member of the Eurytemora affinis species complex that is present in the SFE is also con sidered nonnative (Lee 2000) . Cla docerans, rotifers and polychaete larvae were also widespread. These taxa were not uniformly distributed in time and space, but were associated with several different environmental variables.
Salinity was the strongest environmental driver of zooplankton community composition and individual abundance in intertidal marshes of the SFE. For instance, our NMS ordination of zooplankton communities revealed that salinity was the single strongest environmental correlate (Fig. 5a) , along with other freshwater-related variables such as freshwater flows (averaged over various time periods) and distance to the Golden Gate (coastal ocean).
Inter-annual variability in salinity, driven by variable freshwater flows, was evident in the different cluster affiliations of Petaluma and west Delta marsh zooplankton between June 2004 and 2005. While temperature varied little and samples were consistently collected at high water, salinity was ~10 lower for Napa and Petaluma River marshes in June 2005 than in June 2004, and ~1.5 lower for west Delta marshes. The increased riverine influence and resulting lowered salinities in June 2005 coincided with reduced abundances of O. da visae in all sampled marshes and of L. tetraspina in west Delta marshes (Fig. 6) . In contrast, the calanoid copepods P. forbesi and A. sinensis were particularly abundant in Napa River marshes in June 2005 (Fig. 7) , although Napa River marshes re mained affiliated with the same cluster due to consistently high abundances of L. tetraspina and T. dextrilobatus. The importance of salinity in struc turing estuarine zooplankton communities has been well established Temperature and season were also relatively strongly correlated with variation in SFE marsh zooplankton, as has been found previously for open waters of the SFE as well as for other estuaries (Soetaert & Van Rijswijk 1993 , Marques et al. 2006 , Graham & Bollens 2010 . Along with salinity, water column temperature has been used to predict the presence of a copepod species in an estuary within its geographical range (Cordell et al. 2010) . Temperature can affect zooplankton both directly, via physiological tolerances and individual rate processes (e.g. respiration, growth, etc.), and indirectly, via cascading temperature-dependent rates of predator−prey dynamics. And of course, 'season' encompasses variation in a wide range of environmental conditions, both biotic and abiotic, and is a defining characteristic of most temperate ecosystems. For instance, salinity is itself a highly seasonally variable in a Mediterranean climate like that of the SFE, where there are clear and pronounced 'dry' and 'wet' seasons reflected in variable freshwater flows (e.g. Fig. 2) .
One particularly noteworthy and interesting aspect of this seasonality in the SFE concerns invasive species. The prevalence of invasive species in the zooplankton assemblage of the SFE is well documented (see Bollens et al. 2011 and references therein, Cordell 2012) . For the marsh zooplankton reported here, we found a striking seasonality to this patterndominance by invasive species of zooplankton is greater in summer/autumn than in winter/spring (Fig. 8) . A similar pattern can be seen in data from the Interagency Ecological Program (IEP), which has conducted monthly monitoring of the open water zooplankton in the upper SFE since 1972, with current stations ranging from San Pablo Bay east to the lower Sacramento and San Joaquin rivers (www.dfg.ca.gov/delta/projects.asp?ProjectID=ZOO PLANKTON). Though the gear used for IEP collections (160 µm mesh Clarke-Bumpus net and pump samples filtered through 35 µm mesh net) differed from that used in our study, a similar seasonal pattern of greater dominance by non-native taxa in summer months is evident in the IEP data. Indeed, this same pattern was also found recently in the Columbia River Estuary . The exact cause(s) of this pattern of seasonal dominance by invasive species is unknown. It could be due to greater physiological tolerance of higher temperatures and higher salinities by invaders, or due to inter-specific trophic interactions modulated by competition and predation. These are questions that warrant further research. Interestingly, this same pattern of summer dominance by invasive species has been previously noted for fish assemblages in the freshwater delta (Grimaldo et al. 2004 ) as well as the brackish intertidal marshes of the SFE (Gewant & Bollens 2012) . Moreover, we note that several of the invasive copepods present in this study have also invaded the Columbia River Estuary (Cordell et al. 2008 , Emerson et al. 2014 ; thus, the implications of these invasions are far-ranging, and need to be better understood.
It is important to note that in this study, the in vestigation of season was somewhat confounded by whether sampling occurred during night or day (although our consistent use of total water column sampling via vertical net hauls should have dampened any diel differences). Time of day was a strong correlate of axis 2, along with season and temperature. Both night and day communities were represented in our autumn and winter/early spring sampling events. These samples clustered together, indicating that seasonal effects were the stronger influence on community composition. For both of our June sampling events, however, sampling occurred only during darkness, so we cannot distinguish between seasonal and diel effects, such as diel vertical migration, which has been observed for some (but not all) SFE zooplankton taxa (Lougee et al. 2002 , Rollwagen-Bollens et al. 2006 ) in our study, compared to > 20 000 ind. m −3 reported by Bollens et al. (2011) for open waters of the SFE (note that both studies used the same collection techniques). Protists such as tintinnid ciliates can be important sources of food for larval fishes, both directly (Bollens & Sanders 2004 , Friedenberg et al. 2012 ) and indirectly via the microbial food web (Gifford et al. 2007 , RollwagenBollens et al. 2011 ). Although we do not know whether the difference in tintinnid ciliate abundance between our study is due to interannual or habitat-specific differences, the low number of tintinnids present in marshes during our study may have implications for feeding and growth of young fish and other consumers, as well as cycling of material and energy in the estuary more generally.
Our study did not examine fluxes of zooplankton between marshes and open water in the SFE, but such studies are strongly recommended for the future. For instance, Houser & Allen (1996) examined zooplankton fluxes in a South Carolina intertidal basin and found large pulses of crab and shrimp larvae exited but did not return to the intertidal basin, whereas postlarval decapods were more abundant on flood tides, indicating settlement and recruitment to the intertidal basin. Dean et al. (2005) examined the flux of the mysid Neomysis kadiakensis between a salt marsh and open water in the SFE and found the marsh to be a net sink of mysids. Likewise, Mazumder et al. (2009) examined the fluxes of various taxa between salt marsh and open water habitats in Towra Point, New South Wales, Australia and found the saltmarsh to be a net exporter of crab and gastropod larvae, and a sink for copepods and amphipods. Zooplankton flux studies such as these are essential to understanding the interactions between intertidal marshes and open water habitats of estuaries.
In summary, zooplankton communities in intertidal marshes and open water habitats of the SFE appear to be similar in many regards, including the strong effects of salinity, temperature, season, and invasive species. Yet we also observed some interesting differences in some taxa between these 2 habitats, e.g. the apparently higher abundances of E. affinis and lower abundances of tintinnid ciliates in the marshes (although again, such comparisons are complicated by the use of different samplers over different collection periods). These apparent differences in zooplankton, whether between intertidal marsh and open water habitats or between the lower reaches of different rivers, could have important implications for young fish and other consumers in the estuary. For instance, those fishes that prefer E. affinis as prey may grow and recruit at greater rates in the marshes compared with open waters, whereas those fishes that prefer tintinnid ciliates as prey may experience greater growth and recruitment in open water habitats. More generally, zooplankton composition and abundance may be a critical link between shallow water habitats (Brown 2003 , Lopez et al. 2006 ) and conservation and restoration of pelagic species in the SFE (Sommer et al. 2007 , Moyle 2008 , Mac Nally et al. 2010 . A more complete understanding of the dynamics of both intertidal marsh and open water systems, and the fluxes between the two, should be a high priority for future research in the SFE, especially in light of the increasing interest in managing and restoring this heavily impacted estuarine ecosystem. 
